Thyroid hormone (TH) receptor (TR)-␤ (trb) is induced by TH (autoinduced) in Xenopus tadpoles during metamorphosis. We previously showed that Krüppel-like factor 9 (Klf9) is rapidly induced by TH in the tadpole brain, associates in chromatin with the trb upstream region in a developmental stage and TH-dependent manner, and forced expression of Klf9 in the Xenopus laevis cell line XTC-2 accelerates and enhances trb autoinduction. Here we investigated whether Klf9 can promote trb autoinduction in tadpole brain in vivo. Using electroporation-mediated gene transfer, we transfected plasmids into premetamorphic tadpole brain to express wild-type or mutant forms of Klf9. Forced expression of Klf9 increased baseline trb mRNA levels in thyroid-intact but not in goitrogentreated tadpoles, supporting that Klf9 enhances liganded TR action. As in XTC-2 cells, forced expression of Klf9 enhanced trb autoinduction in tadpole brain in vivo and also increased THdependent induction of the TR target genes klf9 and thbzip. Consistent with our previous mutagenesis experiments conducted in XTC-2 cells, the actions of Klf9 in vivo required an intact N-terminal region but not a functional DNA binding domain. Forced expression of TR␤ in tadpole brain by electroporation-mediated gene transfer increased baseline and TH-induced TR target gene transcription, supporting a role for trb autoinduction during metamorphosis. Our findings support that Klf9 acts as an accessory transcription factor for TR at the trb locus during tadpole metamorphosis, enhancing trb autoinduction and transcription of other TR target genes, which increases cellular responsivity to further TH action on developmental gene regulation programs.
N
uclear receptor (NR) autoregulation (activation or repression of NR genes by their protein products and cognate ligands) is a common but incompletely understood phenomenon (1) (2) (3) . Autoinduction of estrogen receptor was first reported in frog liver and oviduct and was later shown to play an important role during the proliferative phase of the mammalian uterine cycle (reviewed in reference 3). Autoinduction of the androgen and glucocorticoid receptors has been observed in several mammalian tissues and cell lines and may function to increase cellular responses to the hormones (3) . One of the best studied examples of NR autoinduction is the regulation of thyroid hormone (TH) receptor (TR)-␤ (trb) during amphibian tadpole metamorphosis. In tadpoles of Xenopus laevis (which has two trb genes owing to its pseudotetraploidy), trb mRNAs increase during metamorphosis in parallel with a rise in plasma TH concentration (4, 5) . The autoinduction of frog trb genes is explained in part by the presence of two functional direct repeat with four-base spacer (DRϩ4) TH response elements (TREs) (6 -11) located near or within the promoter region. Autoinduction of trb during metamorphosis may enhance tissue responsiveness to TH, thereby promoting morphogenesis (1) (2) (3) 12) . A similar mechanism may function in mammals. For example, in the rat brain, Trb expression is low at birth and then increases during the first 2 weeks of life, which coincides with the postnatal rise in plasma TH (13, 14) . The human Trb gene has two functional TREs located in the 5Ј flanking region that support autoinduction in transient transfection assays in GH3 cells (15, 16) . Autoregulation of TR genes was observed in adult mouse liver (autorepression) and heart (autoinduction) (17) , and the regulation was assigned to specific TR subtypes and isoforms using TR mutant mice, but to our knowledge the molecular/transcriptional mechanisms have not been investigated.
Despite evidence for trb being a direct TR target gene in X laevis, several studies showed that inhibition of protein synthesis strongly reduced trb autoinduction in frog tissue culture cells and in tadpoles in vivo, suggesting that one or more TH-induced proteins were required for the transcriptional response (18 -20) . We showed that a transcription factor that is rapidly and strongly induced by TH during tadpole metamorphosis, Krüppel-like factor 9 (Klf9; formerly basic transcription element binding protein 1), could enhance trb autoinduction in the X laevis fibroblast-derived cell line XTC-2 (21) . Klf9 is a zinc finger transcription factor that binds to GC/GT-rich regions in the genome (22) . It contains a C-terminal DNA binding domain (DBD) comprised of three zinc fingers and an Nterminal region with two transactivation domains (23) . Klf9 also has an N-terminal motif that mediates interaction with the scaffolding repressor protein Swi-independent 3a (Sin3a) (24) . Thus, Klf9 may activate or repress target genes, depending on the gene and/or the chromatin environment. Klf9 mRNA shows a marked increase in the brain, intestine, and tail of tadpoles during metamorphosis (25) and in several regions of the rodent brain during early postnatal life, including the Purkinje cells of the cerebellum and the dentate granule neurons of the hippocampus (26, 27) . In tetrapods, klf9 is rapidly and strongly induced by TH, which is mediated by a TRE located in an upstream, ultraconserved nuclear enhancer module (named the klf9 synergy module) (28 -31) .
The 5Ј flanking regions of X laevis trb genes each contain seven GC-rich regions (GC boxes) that we hypothesized could function as Klf9 binding sites (21) . In an earlier study, we used targeted chromatin immunoprecipitation assays at the trbA locus to show that Klf9 associates in tadpole brain and tail chromatin with several of these GCrich regions in a developmental stage and TH-dependent manner (21) . Furthermore, we showed that forced expression of Klf9 in XTC-2 cells could accelerate and enhance trb autoinduction, as measured by increases in both the endogenous trb mRNA and the activity of a transfected trbA promoter-reporter construct (21) . This action of Klf9 depended on an intact N-terminal region but surprisingly did not require a functional DBD, suggesting that proteinprotein interactions may be important for Klf9 actions on trb autoinduction (21) . Our findings support that Klf9 participates in a transcriptional network important for TH action during metamorphosis. In the present study, we tested the hypothesis that Klf9 functions in tadpole brain in vivo to enhance trb autoinduction, and we investigated whether such gene regulation is important for modulating hormone action.
Using electroporation-mediated (EM) gene transfer into living tadpole brain, we forced the expression of wildtype and mutant forms of Klf9 in thyroid-intact and goitrogen-treated animals and investigated effects on the expression of trb and two other TR target genes, klf9 and T 3 -responsive basic leucine zipper transcription factor (thbzip). We also looked at whether the actions of Klf9 on trb autoinduction in vivo required intact transactivation or DNA binding domains. Lastly, we investigated the functional consequences of trb autoinduction for tissue responsivity to TH by analyzing T 3 -dependent gene expression after the forced expression of TR␤ in tadpole brain.
Materials and Methods

Animal care and husbandry
We purchased sexually mature female and male X laevis from Xenopus One and maintained them in dechlorinated tap water on a 12-hour light, 12-hour dark regimen at 20°C Ϯ 2°C. Adult frogs were spawned with human chorionic gonadotropin (Sigma-Aldrich Chemical Co) injected into the dorsal lymph sac. Tadpoles of both sexes were reared in dechlorinated tap water (23°C, 12 h light, 12 h dark regimen) and fed pulverized frog brittle (Nasco). All procedures involving animals were approved by the University Committee on the Care and Use of Animals of the University of Michigan.
EM-mediated gene transfer
We forced expression of Klf9 in living tadpole brain in vivo by bulk EM gene transfer as described by Haas (32) and by Yao et al (33) with minor modifications. We anesthetized X laevis tadpoles at Nieuwkoop and Faber (NF) stages 49 -50 (34) by immersion in 0.002% benzocaine before intracerebroventricular microinjection of a 70-to 184-nL DNA solution using a Drummond microinjection apparatus. Each DNA solution contained 1 or 2 g/L of expression plasmid, 0.6 g/L of pEGFP-N1 plasmid (CLON-TECH; to monitor transfection efficiency), and 0.02% fast green dye. We transfected full-length (pCS2-Klf9) or N-terminal truncated mutants of Klf9:pCS2-Klf9 ⌬0, which has a deletion of the first 30 amino acids and covers transactivation domain A; pCS2-Klf9 ⌬99, which has both transactivation domains A and B deleted; and pCS2-Klf9 C2AH, which has point mutations in each of the three zinc fingers of the DBD that render it incapable of binding DNA (plasmid construction described in reference 21).
In a separate set of experiments, we transfected tadpole brain or XTC-2 cells with a X laevis trbA-expression plasmid (pCMV-xTR␤; gift of Jamshed Tata) to investigate the effects of elevated trb expression on gene expression responses to TH. Immediately after the intracerebroventricular injection, we placed a pair of platinum electrodes over the skull and delivered three to five pulses of 30 V each. We then reversed the polarity and repeated current delivery to achieve bilateral gene transfer. Animals were allowed to recover and screened for enhanced green fluorescent protein (EGFP) expression 24 hours after the procedure using a MZFLIII fluorescent stereomicroscope (Leica). Animals with strong EGFP expression (an illustration of how we scored strong vs weak EGFP expression is shown in Supplemental Figure 1A ) were selected for drug or hormone treatment, which was begun 24 hours later (48 h after EM gene transfer), and brain tissue was harvested at different times for mRNA analysis by reverse transcription quantitative PCR (RTqPCR).
Tadpole hormone/drug treatment
For gene expression time-course studies, we added 3,5,3Ј-triodothyronine (T 3 sodium salt; Sigma-Aldrich Chemical Co) to the aquarium water of NF stage 50 tadpoles to a final concentration of 10 nM. To generate hypothyroid tadpoles, we treated NF stage 50 tadpoles with the goitrogen methimazole (2-mercapto-1-methylimidazole [MMI]; Sigma-Aldrich Chemical Co) by the addition to the aquarium water to a final concentration of 1 M. We treated tadpoles with MMI for 7 days with water change and replenishment of the MMI every 3 days (at d 3 and 6). On day 5 of MMI treatment, we conducted EM gene transfer in tadpole brain using pCS2-empty vector or the pCS2-Klf9 plasmid. On day 7 of MMI treatment and 48 hours after EM gene transfer. we treated tadpoles with T 3 by the addition to the aquarium water for 0, 2, 6, or 8 hours. Tadpoles were euthanized by immersion in 0.1% benzocaine, and brains were harvested and stored at Ϫ80°C before the isolation of RNA and RTqPCR.
We also transfected NF stage 50 tadpoles with pCMV-xTR␤ or pCMV-empty vector and began MMI treatment 3 days after EM gene transfer; drug concentration and the water and drug replacement schedule were the same as described above. Eleven days after the start of MMI treatment, we added T 3 to the aquarium water to a final concentration of 10 nM for 0, 2, or 6 hours before euthanasia and tissue harvest.
RNA isolation, reverse transcription, and RTqPCR
We isolated total RNA from tadpole brain (middle brain region containing the preoptic area and diencephalon; see Supplemental Figure 1B ) using the TRIZOL reagent (Invitrogen Corp) following the manufacturer's instructions. We treated total RNA with 20 U deoxyribonuclease I to remove genomic DNA and synthesized cDNA using the high-capacity reverse transcription kit (Applied Biosystems), followed by quantitative PCR using Taqman assays (see Table 1 ). We designed gene-specific primer sets to span exon/exon boundaries for all genes except the klf9 5Ј untranslated region (UTR; described below). The trb assay detected transcripts of both trbA and trbB. For klf9 we used two Taqman assays, one that targeted exons 1 and 2 (klf9 exons 1-2) that we used for the analysis of developmental gene expression. The other assay targeted the 5Ј UTR and thus detected only the endogenous transcript, not the transcript generated by the transgene produced after EM gene transfer with pCS2-Klf9. We normalized mRNA levels to the reference gene ␣-actin for the developmental series, the levels of which were unchanged throughout metamorphosis (P ϭ .467; ANOVA; data not shown). For the transfection and T 3 treatment experiments, we normalized mRNA levels to the reference gene rpL8 (35) whose mRNA level was not significantly affected by treatment (values ranged from P ϭ .1 to P ϭ .6; ANOVA; data not shown). Reactions were run using the Fast 7500 real-time PCR system (Applied Biosystems). We used a relative quantitation method, and standard curves were generated using a cDNA pool.
Cell and tissue culture
We cultured the X laevis fibroblast-derived cell line XTC-2 in Leibovitz-15 medium (Invitrogen) diluted to 1:1.5 for amphibian cells and supplemented with sodium bicarbonate (2.47 g/L), penicillin G sodium (100 U/mL), streptomycin sulfate (100 g/ mL), and 10% fetal bovine serum that was stripped of thyroid hormone as described previously (21, 36) . For transfection experiments we plated cells in six-well plates at a density of 2.5 ϫ 10 5 cells/well. Twenty-four hours after plating, we transfected cells with expression plasmids using Fugene 6 (Promega) at a ratio of 3 L reagent/g plasmid DNA. Forty-eight hours after transfection, we added vehicle (dimethylsulfoxide at a final concentration of 0.001%) or T 3 to a final concentration of 5 nM and continued treatment for 6 hours before harvesting cells for RNA isolation and RTqPCR as described above.
Statistical analysis
Data were analyzed by one-way ANOVA followed by Fisher's least significant differences multiple comparison test or, by unpaired Student's t test using SYSTAT (version 10; SPSS Inc; ␣ Ͻ .05). Derived values (normalized gene expression data) were log 10 transformed before statistical analysis. Data are reported as mean Ϯ SEM.
Results
Coordinate increases in klf9, trb, and thbzip mRNAs in tadpole brain during metamorphosis
We analyzed the mRNA levels for klf9, trb, and thbzip in tadpole brain (middle brain region. preoptic area and 
Oligonucleotide sequences reported elsewhere (47).
doi: 10.1210/en.2015-1980 press.endocrine.org/journal/endodiencephalon; Figure 1A ) by RTqPCR throughout metamorphosis and in premetamorphic tadpoles after T 3 treatment ( Figure 1B ). The mRNA levels for the three genes were low in premetamorphic (NF stage 50) animals and showed strong increases during early to midprometamorphosis (NF stages 54 -58); klf9 mRNA reached a maximum earlier than trb and thbzip. The mRNA levels for the three genes were highest at metamorphic climax (NF stage 62) and decreased through the completion of metamorphosis (NF stage 66). The magnitude fold change in mRNA level from NF stage 50 to stage 62 was similar for klf9 (15.2-fold) and trb (14.5-fold), but was much greater for thbzip (193-fold). Each of the three genes analyzed were induced in premetamorphic tadpole brain by addition of T 3 to the aquarium water ( Figure 1B ). All showed statistically significant increases by 8 hours, but the magnitude change was greater for klf9 and thbzip than for trb (klf9, 4.5; trb, 1.8; thbzip, 17.5). Although there was a statistically significant elevation in trb mRNA above the zero time point at 4 hours, we did not see a robust increase until 16 hours, unlike klf9 and thbzip, which were strongly increased by 8 hours.
Forced expression of Klf9 in the brain of thyroidintact tadpoles increased baseline trb mRNA and enhanced trb autoinduction Our earlier work conducted in XTC-2 cells showed that forced expression of Klf9 could accelerate and enhance trb autoinduction (21). Here we used bilateral EM gene transfer (see Figure 2 , A and B) to force expression of klf9 in the brain of thyroid-intact tadpoles to investigate a role for Klf9 in trb gene regulation in vivo. We introduced pCS2-empty vector or pCS2-Klf9 into the brain of premetamor- Figure 1B ) was dissected, total RNA was extracted, and gene expression analyzed by RTqPCR. A, Changes in mRNA levels in tadpole brain throughout metamorphosis (developmental stage after Nieuwkoop-Faber [34] ). The mRNA levels for trb, klf9, and thbzip were normalized to the reference gene ␣-actin, which did not change during metamorphosis. Klf9 mRNA was analyzed using the exons 1-2 Taqman assay (Table 1) . Each point represents the mean Ϯ SEM (n ϭ 5/developmental stage), and means with the same letter are not significantly different (ANOVA: trb, F [4, 20] ϭ 37.62, P Ͻ .0001); klf9, F [4, 20] ϭ 33.6, P Ͻ .0001; thbzip, F [4, 20] ϭ 101.43, P Ͻ .0001; Fisher's least significant difference test, P Ͻ .05). B, T 3 time course for trb, klf9, and thbzip. Premetamorphic (NF stage 50) tadpoles were treated with T 3 added to the aquarium water to a final concentration of 10 nM for the times indicated. At the time the animals were killed, the middle brain region was harvested and analyzed for trb, klf9, and thbzip mRNAs; gene expression was normalized to the reference gene rpL8, which was not changed by the treatment (data not shown). Each bar represents the mean Ϯ SEM (n ϭ 5/time point), and means with the same letter are not significantly different (ANOVA: trb, F [6, 28] ϭ 32.21, P Ͻ .0001); klf9, F [6, 28] ϭ 37.64, P Ͻ .0001; thbzip, F [6, 28] ϭ 11.65, P Ͻ .0001; Fisher's least significant difference test, P Ͻ .05).
phic (NF stage 52) tadpoles and 48 hours later treated them with or without T 3 (10 nM added to the aquarium water) for 8 hours. Forced expression of Klf9 caused a 2.4-fold increase in the baseline trb mRNA level and enhanced by approximately 2-fold T 3 induction of trb mRNA (autoinduction) ( Figure 2B ). This enhancement of trb autoinduction by Klf9 is similar to what we observed in XTC-2 cells (21) . Forced expression of Klf9 also increased the baseline (2-to 3-fold) and T 3 -induced (ϳ1.5-fold) klf9 mRNA levels, which was measured using the 5ЈUTR Taqman assay that detects only the endogenous mRNA. We also looked at the TR target gene thbzip in thyroid-intact tadpoles and found that forced expression of Klf9 had no effect on baseline thbzip mRNA but significantly increased the T 3 -induced thbzip mRNA level (P ϭ .014; ANOVA; Figure 2B ).
Dependence on endogenous TH for Klf9 actions on trb gene transcription
Our earlier work showed that, whereas forced expression of Klf9 could accelerate and amplify trb autoinduction in XTC-2 cells, it did not alter baseline trb mRNA or promoter activity (21) . The experiments shown in Figure  2 , in which the forced expression of Klf9 increased baseline and T 3 -induced trb mRNA, were done in thyroidintact premetamorphic (NF stage 52) tadpoles. The thyroid gland develops in the Xenopus embryo, becomes functional at the time of hatching, and accelerates production of TH during early prometamorphosis (reviewed in reference 37); premetamorphic tadpoles have low but detectable levels of TH in their blood circulation) (5). We hypothesized that the actions of Klf9 on baseline trb mRNA were dependent on endogenous TH. To investigate this possibility, we induced hypothyroidism in NF stage 52 tadpoles by treatment with the goitrogen MMI and then introduced pCS2-Klf9 (or pCS2-empty vector) into tadpole brain by EM gene transfer. Four days later we treated the transfected tadpoles with T 3 (10 nM) for 0, 2, 6, or 8 hours and analyzed gene expression. In contrast to thyroid-intact tadpoles (Figure 2 ), forced expression of Klf9 in hypothyroid tadpoles did not alter the baseline trb mRNA level (Figure 3, top panel) , supporting that the actions of Klf9 on baseline trb gene transcription are de- [43] ). ob, olfactory bulb; ot, optic tectum; tel, telencephalon. B, Effects of forced expression of Klf9 by EM gene transfer in tadpole brain on trb, klf9, and thbzip mRNAs. Premetamorphic (NF stage 50) tadpoles received bilateral electroporation with pCS2-empty (gray bars; 1 g/L) or pCS2-Klf9 (black bars; 1 g/L) and 48 hours later were checked for EGFP fluorescence. The tadpoles with strong EGFP signal were divided into two groups per vector and then treated with vehicle or T 3 (10 nM) for 8 hours before the animals were killed. The middle brain region was dissected and RNA extracted and analyzed by RTqPCR. The klf9 5ЈUTR assay detects the endogenous klf9 mRNA but not the mRNA generated by the transgene. Each bar represents the mean Ϯ SEM (n ϭ 7-8/time point); asterisks indicate statistically significant differences between pCS2-empty and pCS2-Klf9-transfected animals for vehicle or T 3 treatments (Student's unpaired t test, P Ͻ .05).
doi: 10.1210/en. press.endocrine.org/journal/endopendent on endogenous TH. Also, by contrast with thyroid-intact tadpoles (see Figure 2) , hypothyroid animals transfected with pCS2-empty did not elevate trb mRNA after the T 3 treatment at any time point analyzed ( Figure  3 , top panel). However, forced expression of Klf9 in the hypothyroid tadpole brain caused a significant increase in trb mRNA at 6 hours after the T 3 treatment, which was maintained at 8 hours.
As for trb, forced expression of Klf9 did not affect baseline klf9 mRNA (measured using the 5ЈUTR assay; Figure  3 , middle panel) in hypothyroid tadpoles. However, like trb mRNA, T 3 induction of klf9 mRNA was accelerated (statistically significant response by 2 h in the pCS2-Klf9 vs 6 h in the pCS2-empty transfected animals; P Ͻ .0001) and amplified by EM gene transfer with pCS2-Klf9. In contrast to trb and klf9, baseline thbzip mRNA was significantly increased by forced expression of Klf9 (Figure 3 , lower panel), and like trb and klf9, the response to T 3 was accelerated and amplified by Klf9.
Klf9 action on trb transcription requires the B region of the N-terminal transactivation domain but not a functional DNA binding domain
Our earlier results in XTC-2 cells showed that Klf9 action on trb autoinduction required intact N-terminal transactivation domains A and B but did not require a functional DBD (shown in the schematic in Figure 4A ) (21) . We transfected the brains of thyroid-intact NF stage 52 tadpoles with the same wild-type and mutant Klf9 expression vectors described by Bagamasbad et al (21) (Figure 4A ) to determine whether there are similar requirements for Klf9 functional domains in vivo. As before (Figure 2) , transfection with the pCS2-Klf9 plasmid elevated baseline trb mRNA, and this varied with the amount of plasmid used ( Figure 4B, 1 vs 2 g/L) . The vector that expresses an N-terminal deletion of Klf9 that lacked transactivation domain A (⌬amino acids 1-30) retained transactivation activity on trb ( Figure 4C ), whereas the vector that expresses the N-terminal deletion of Klf9 in which both the A and B transactivation domains were removed (⌬amino acids 1-99) had no activity ( Figure 4C ). Similar to our previous findings in XTC-2 cells, point mutations introduced into the three zinc fingers of Klf9 that destroy DNA binding activity (pCS2-Klf9 C2AH) (21) had no effect on the ability of Klf9 to enhance trb transcription ( Figure 4D ). We were not able to accurately measure Klf9 protein by Western blot in the tadpole brain owing to a very low expression level, but we verified by RTqPCR (using the klf9 exons 1-2 assay) that transfection with the mutant klf9 expression vectors produced similar elevations in klf9 mRNA (3-to 4.5-fold compared with the pCS2-empty vector transfected control; data not shown).
Forced expression of TR␤ enhanced TR target gene expression in XTC-2 cells and tadpole brain
Autoinduction of trb should lead to an increase in the level of TR␤ protein, which we hypothesize will enhance cellular responsivity to TH. We therefore tested whether Figure 3 . Forced expression of Klf9 in the brain of hypothyroid tadpoles did not alter baseline trb mRNA but strongly enhanced trb autoinduction. We made premetamorphic (NF stage 50) tadpoles hypothyroid by addition of MMI to their aquarium water (1 M final concentration) for 7 days. On day 5 of MMI treatment, we transfected tadpole brain with pCS2-empty vector or pCS2-Klf9 plasmid (1 g/L; plus 0.6 g/L pEGFP-N1 to screen for successful transfection) and 48 hours later treated tadpoles with T 3 for 0, 2, 6, or 8 hours. We harvested the middle brain region for RNA extraction and RTqPCR for trb, klf9 (using the 5ЈUTR assay that detects only the endogenous transcript), and thbzip mRNAs. Each bar represents the mean Ϯ SEM (n ϭ 7-8/time point); asterisks indicate statistically significant differences between pCS2-empty and pCS2-Klf9-transfected animals at individual time points (Student's unpaired t test, P Ͻ .05).
forced expression of TR␤ can enhance TR target gene expression as a proxy for cellular responsiveness to the hormone. We analyzed mRNA for klf9 (measured using the 5ЈUTR Taqman assay) because this is a direct TR response gene that exhibits rapid and strong transcriptional responses to T 3 . We first investigated this in XTC-2 cells by transfecting with the Xenopus TR␤ expression vector pCMV-xTR␤. Transfection with pCMV-xTR␤ did not alter baseline klf9 mRNA (compare vehicle treated cells in Figure 5A ) but significantly enhanced T 3 induction of klf9 mRNA ( Figure 5A ). The effect was maximal with 100 ng of pCMV-xTR␤ and was not further enhanced by increasing amount of plasmid.
We next transfected the brains of thyroid-intact NF stage 52 tadpoles with pCMV-empty or pCMV-xTR␤ and analyzed klf9 mRNA. For each experiment we confirmed an increased expression of trb mRNA by RTqPCR, which ranged from 5-to 10-fold above baseline (data not shown) and is within the physiological range seen during development and after treatment with T 3 (see Figure 1) . Forced expression of TR␤ elevated the baseline klf9 mRNA (Figure 5B) .
In a third experiment, we looked at whether forced expression of TR␤ could enhance the transcriptional response of klf9 to exogenous T 3 , and for this experiment, we made tadpoles hypothyroid by treatment with the goitrogen MMI. We first transfected tadpole brain with the pCMV-empty or pCMV-xTR␤ vector. Three days after EM gene transfer, we exposed tadpoles to MMI in the aquarium water for 11 days to induce hypothyroidism, to screen for successful transfection, and 48 hours later, we harvested the middle brain region for RNA extraction and RTqPCR for trb mRNA. A, The schematic diagram depicts the structure of full-length, wild-type Klf9 protein, and the deletion (⌬30 and ⌬99) and point (C2AH) mutants used for this study. Klf9⌬30 and Klf9⌬99 have 30 and 99 amino acids deleted from their N termini, respectively, which corresponds to the loss of the Sin3a interacting domain (SID) and transactivation domain A (⌬30) or the SID and both the A and B transactivation domains (⌬99). Klf9 C 2 AH has single-point mutations (indicated by the Xs) in each of the three zinc finger regions that destroys DNA binding activity (21) . B, Dose dependence of Klf9 on baseline trb mRNA levels. We transfected tadpole brain with pCS2-empty vector or two doses of pCS2-Klf9 (1 or 2 g/L). Both doses of pCS2-Klf9 elevated baseline trb mRNA, and 2 g/L produced a significantly greater response compared with 1 g/L (n ϭ 7-8/treatment; ANOVA, F [2, 21] ϭ 31.143, P Ͻ .0001). C, Effects of N-terminal truncated mutants of Klf9 on baseline trb mRNA levels. Forced expression of wild-type Klf9 and the Klf9⌬30 mutant increased baseline trb mRNA, but Klf9⌬99 mutant was not different from the pCS2-empty vector control (n ϭ 8/treatment; ANOVA, F [3, 28] ϭ 9.307, P Ͻ .000). D, Effects of a Klf9 DNA binding domain mutant on baseline trb mRNA levels. Forced expression of Klf9 C2AH increased baseline trb mRNA levels to the same degree as the wild-type Klf9 (n ϭ 5-6 samples/treatment; ANOVA, F [2, 13] ϭ 7.421; P Ͻ .007). Each bar represents the mean Ϯ SEM, and means with the same letter are not significantly different (Fisher's least significant difference test, P Ͻ .05). doi: 10.1210/en. press.endocrine.org/journal/endoand then we treated with T 3 for 0, 2, or 6 hours before harvesting the brains for RNA extraction and analysis. In contrast to thyroid-intact animals (shown in Figure 5B ), in hypothyroid tadpoles, baseline klf9 mRNA was not affected by the forced expression of TR␤ ( Figure 5C ). However, the forced expression of TR␤ caused a significant increase in the response of klf9 mRNA to exogenous T 3 at 6 hours. We saw similar results with the TR target gene thbzip (Supplemental Figure 2) .
Discussion
Nuclear receptor autoinduction is a mechanism to modulate hormone responses by making more receptor available, thereby sensitizing the cell to further hormone action (1) (2) (3) . This form of gene regulation has been shown to occur in animals during postembryonic development, within the reproductive system of adults, and in the maintenance of homeostasis (3). Although receptor autoinduction depends on the NR binding to regulatory regions of the gene that codes for the NR, additional factors synthesized in response to hormone action may be required for autoinduction (7, 19, 20) . Earlier we showed that the protein product of the immediate early gene klf9 functions as an accessory transcription factor for trb autoinduction in Xenopus; functional studies that supported a role for Klf9 in trb autoinduction were conducted in XTC-2 cells (21). Here we extend these findings to the living tadpole brain and show that forced expression of Klf9 in vivo can accelerate and enhance trb autoinduction. We also show that increased expression of trb enhanced cellular responsiveness to both endogenous and exogenous TH as measured by TR target gene response, supporting a functional role for trb autoinduction during tadpole metamorphosis. Krüppel-like factor 9 was recently shown to modulate T 3 actions in human cells. Cvoro et al (38) showed that in HepG2 cells small interfering RNA-mediated knockdown of Klf9 impaired the T 3 response of 191 genes but enhanced/uncovered T 3 responsiveness of 237 (of 576 total T 3 regulated genes). They found similar evidence, although more limited in scope, for Klf9 modulation of T 3 action in human embryonic stem cells. Although they did not identify the mechanism by which Klf9 functions, their findings support that Klf9 can modulate both T 3 -dependent transactivation and transrepression in mammals.
Klf9 enhances trb autoinduction in tadpole brain in vivo
The trb gene is autoinduced during tadpole metamorphosis, and although Xenopus trb genes have at least two Figure 5 . Forced expression of TR␤ increases responsivity to thyroid hormone in XTC-2 cells and tadpole brain in vivo. We transfected XTC-2 cells or premetamorphic tadpole brain with the expression vector pCMV-xTR␤ (or pCMV-empty vector) and analyzed mRNA by RTqPCR for the direct T 3 target gene klf9 as a proxy for cellular responsivity to T 3 action. We chose klf9 because it is one of the most rapidly responding T 3 response genes in tadpole tissues, a response that is mediated by a well-characterized TRE (30, 31) . A, Forced expression of TR␤ in XTC-2 cells enhances the klf9 gene transcription response to T 3 . We transfected cells with different amounts of pCMV-xTR␤; all cells received an equal amount of DNA in the transfection mix (1 g), the difference of which was made up with pCMV-empty vector. B, Forced expression of TR␤ in thyroid-intact, premetamorphic (NF stage 50) tadpole brain increased baseline klf9 mRNA. We transfected tadpole brain with pCMV-empty or pCMV-xTR␤ and harvested brain (middle brain region) 48 hours later for gene expression analysis. C, Forced expression of TR␤ in hypothyroid, premetamorphic (NF stage 50) tadpole brain enhanced the klf9 mRNA response to exogenous T 3 . We transfected premetamorphic (NF stage 50) tadpoles with CMV-xTR␤ or pCMV-empty vector and began MMI treatment (1 M in the aquarium water) 3 days after EM gene transfer. Eleven days after the start of MMI treatment, we added T 3 to the aquarium water to a final concentration of 10 nM for the times shown in the graph before euthanasia, tissue harvest (middle brain region), and gene expression analysis. The MMI treatment abolished the increase in baseline klf9 mRNA (seen in panel B). Forced expression of TR␤ caused a significant acceleration of the transcriptional response to T 3 (n ϭ 7-8/treatment; ANOVA, F [5, 42] ϭ 33.611, P Ͻ .001; asterisk indicates P Ͻ .05 by Fisher's least significant difference test).
functional DRϩ4 TREs and possibly other nonconsensus TREs (6 -11) , trb autoinduction is eliminated in tissue culture cells (19, 20) and is strongly reduced in tadpoles in vivo by treatment with the protein synthesis inhibitor cycloheximide (7, 18) . These findings support that, despite strong evidence for direct TR regulation of trb, an accessory protein must be made to support trb autoinduction. The klf9 gene is rapidly induced by T 3 in tadpole tissues (21, 25, 28, 39, 40) , mediated by a highly conserved DRϩ4 TRE located approximately 6 kb upstream of the klf9 transcription start site (30, 31) . The X laevis trbA promoter has seven GC-rich regions (GC boxes) that could serve as binding sites for Klf9 (6) . These findings led us to hypothesize that Klf9 functions as an accessory transcription factor for trb autoinduction (21) . In support of this hypothesis, we showed that Klf9 can bind in vitro to GC boxes within the proximal trbA promoter, that it associates in chromatin with these regions in vivo in a TH and developmental stage-dependent manner (measured by chromatin immunoprecipitation assay), and that the forced expression of Klf9 in XTC-2 cells accelerated and enhanced trb autoinduction (21) . Taken together, our earlier findings support the hypothesis that Klf9 functions as an accessory transcription factor for trb autoinduction. However, whether Klf9 can function this way in tadpole tissues in vivo had not been tested.
In the present study, we found that forced expression of Klf9 in tadpole brain in vivo increased baseline trb mRNA in thyroid-intact animals and enhanced the trb mRNA response to exogenous T 3 . This enhancement of the T 3 response parallels our findings in XTC-2 cells (21) . We also saw enhanced responses to T 3 for the TR target genes klf9 and thbzip. There are several possible mechanisms by which Klf9 might promote the transcriptional response to T 3 . It may act as an accessory transcription factor for TRretinoid X receptor, perhaps interacting directly with the NRs through protein-protein interactions or with the nuclear proteins with which the NRs form transcriptional complexes. Klf9 has been shown to function as an accessory transcription factor for the progesterone receptor in uterine endometrial cells, in which it was found to physically interact with the receptor (41, 42) . Alternatively, Klf9 may function independently of TR-retinoid X receptor to modify chromatin structure through the recruitment of histone or DNA-modifying enzymes that support T 3 action. The increased transcription of trb will also contribute to enhanced T 3 -dependent transcriptional responses of TR target genes but likely with a time lag of several hours. It is likely that several mechanisms participate in Klf9 enhancement of T 3 -dependent TR target gene transcription, and these deserve further investigation.
Dependence on endogenous TH for Klf9 actions on trb
Whereas forced expression of Klf9 enhanced baseline trb mRNA in thyroid-intact tadpoles, this action was lost in tadpoles made hypothyroid by MMI treatment, suggesting that Klf9 regulation of trb requires endogenous TH. That is, Klf9 enhances the T 3 -TR dependent autoinduction response but otherwise does not influence baseline, TH-independent trb gene transcription. Surprisingly, there was no significant increase in trb mRNA in response to T 3 treatment in hypothyroid tadpoles transfected with pCS2-empty vector, supporting that trb autoinduction is dependent on prior exposure to TH; ie, the low concentration of TH in the blood circulation of premetamorphic tadpoles may generate a chromatin state at the trb locus that allows the gene to respond rapidly to the subsequent rise in hormone concentration during metamorphosis. Unlike for trb, T 3 induced the mRNAs for the TR target genes klf9 and thbzip by 6 hours in the brain of hypothyroid tadpoles. This may reflect differences in the response kinetics at the different loci, in which the induction at the trb locus is slower than the other two, which is supported by the T 3 time-course experiment shown in Figure 1 .
Although T 3 did not induce trb mRNA in the brain of hypothyroid tadpoles transfected with pCS2-empty vector, the T 3 response was restored by forced expression of Klf9. Also, the responses of the TR target genes klf9 and thbzip to T 3 were significantly enhanced by forced expression of Klf9 in the brain of hypothyroid tadpoles, supporting that Klf9 can modulate responsivity to TH.
Functional domains of Klf9 required for transcriptional activity
Using deletional analysis of Klf9 and reporter assays with a plasmid containing six tandem repeats of the basic transcription element sequence, Kobayashi et al (23) showed that Klf9 has two transactivation domains, designated A and B (see Figure 4A ). Like in XTC-2 cells, we found that deleting the A and B transactivation domains destroyed Klf9 activity on trb transcription. Unlike in XTC-2 cells, removing only the A transactivation domain did not affect activity, possibly reflecting different requirements for transactivation activity in tadpole brain. The A transactivation domain overlaps with a conserved motif that binds the scaffolding repressor protein Sin3a (24), but apart from this, nothing is currently known about what nuclear proteins interact with the N-terminal region of Klf9. Given that the ⌬30 mutant, which lacks the Sin3A interacting domain, retained activity on trb transcription, we conclude that the effects of forced expression of wildtype Klf9 are not due to generalized gene derepression caused by the expressed Klf9 titrating away Sin3a. press.endocrine.org/journal/endo
Although the N-terminal domain of Klf9 is necessary to enhance trb expression, a functional DBD is not, which confirms our previous results in XTC-2 cells (21). We currently do not know the mechanism by which the Klf9 DNA-binding mutant enhances trb transcription. This mutant protein does not bind DNA in in vitro assays using the basic transcription element probe as target sequence (21) . Velarde et al (44) reported that Klf9 enhancement of estrogen receptor-␣ autorepression in a human endometrial cancer cell line does not depend on its DNA binding activity, supporting that this form of gene regulation is not restricted to Xenopus trb.
Enhanced trb expression increases cellular responsivity to T 3 , as evidenced by increased T 3 -dependent TR target gene activation Given that our current and previous findings support that Klf9 enhances trb autoinduction, we next investigated whether increased TR␤ expression could enhance cellular responsivity to TH and thus provide evidence for a functional role for trb autoinduction during tadpole metamorphosis. We looked at this in XTC-2 cells and tadpole brain by transfection with the expression vector pCMV-xTR␤, followed by an analysis of mRNA for the TR target gene klf9 as a proxy for cellular responsiveness to the hormone. These experiments showed that forced expression of TR␤ enhanced T 3 induction of klf9 mRNA in XTC-2 cells, baseline klf9 mRNA in the brain of thyroid-intact tadpoles, and T 3 induction of klf9 mRNA in the brain of hypothyroid tadpoles. The lack of effect of forced expression of TR␤ on baseline klf9 mRNA in the brain of hypothyroid tadpoles compared with thyroidintact animals shows that this response depends on TH (compare Figure 5 , B and C). Taken together, our findings suggest that TR␤ autoinduction during metamorphosis has functional consequences for TR target gene transcription, increasing tissue responsivity to TH, and supporting gene regulation programs that underlie tissue morphogenesis (1, 2) . In support of a role for enhanced TR expression promoting cellular responses to the hormone, forced expression of TR␣ in Xenopus tadpole tail promoted T 3 -dependent cell death (45, 46) , and higher TR␣ expression was associated with shorter larval periods in spadefoot toads (46) .
Taken together, our previous (21) and current findings provide additional support for the hypothesis that Klf9 modulates liganded TR action in vivo, functioning as an accessory transcription factor for trb autoinduction during tadpole metamorphosis. Autoinduction of trb can increase responsivity of tadpole cells to T 3 . Furthermore, this action extends to other T 3 -regulated genes, which may enhance the kinetics and the magnitude of transcriptional responses to TH, thereby promoting morphogenesis.
